Gardenia blue is widely used in Eastern Asia as a natural food colorant. To evaluate the genotoxic potential of gardenia blue, as well as genipin, the natural starting material from which it is produced, a GLP-compliant test battery was conducted according to OECD guidelines. No evidence of mutagenicity of gardenia blue was detected in a 5-strain bacterial reverse mutation assay, with or without metabolic activation; an equivocal response for genipin occurred in S. typhimurium TA97a without metabolic activation. In in vitro micronucleus and chromosome aberration assays, genipin tested positive under some test conditions; however, gardenia blue tested negative in both assays. In combined micronucleus/comet assays conducted in male and female B6C3F1 mice, exposure to genipin at doses reaching maximal toxicity (74 and 222 mg/kg bw/day for males and females, respectively) or gardenia blue tested up to the limit dose (2000 mg/kg bw/day) did not induce micronuclei in peripheral blood or DNA damage in several examined tissues. Modified ("reverse") comet assays showed no evidence of DNA crosslinking potential of either genipin, known to form crosslinks with other macromolecules, or gardenia blue. Our results indicate that consumption of gardenia blue in food products does not pose a significant genotoxic concern for humans.
Introduction
Gardenia blue is a natural colorant widely used in Asia in frozen desserts, confections and baked goods, jams, noodles, beverages, wine and liqueurs, processed seafood and agricultural products. It is produced commercially by adding β-glucosidase to a mixture of iridoid glycosides extracted from the fruits of Gardenia jasminoides Ellis (Gardenia augusta Merrill) to yield genipin, the aglycone of geniposide (Fig. 1) . Although genipin itself has no color, reaction with primary amino acids and protein hydrolysates leads to formation of blue color, providing utility as a natural dye for textiles, cosmetics and food products.
Gardenia fruit containing geniposide and genipin has long been used in traditional Chinese medicine, and has been reported to possess pharmacological properties such as the inhibition of liver apoptosis, neuroprotective and anti-depressive effects, and anti-inflammatory activity (Koo et al., 2006; Tanaka et al., 2009; Yamamoto et al., 2000; Yamazaki et al., 2001; Ye et al., 2018) . Genipin generates crosslinks spontaneously with protein, collagen, gelatin and chitosan, although the crosslinking mechanism between genipin and molecules containing a primary amine is not yet understood (Sung et al., 1999; Yan et al., 2010; Yoo et al., 2011) . Because of its natural crosslinking ability, genipin has been investigated as an alternative to glutaraldehyde as an inducer of biochemical crosslinking in tissue, including as a fixation agent for heterograft tissues (Yoo et al., 2011) and as a biodegradable coating on sutures for repair of ruptured connective tissue (Sundararaj et al., 2017) . It is uncertain whether genipin forms crosslinks with DNA; limited in vitro testing suggests it has genotoxic potential (Ozaki et al., 2002; Tsai et al., 2000) .
A number of genotoxicity studies of gardenia blue have been conducted previously in Japan (Hachiya and Takizawa, 1992; Hachiya et al., 1985; Ishidate et al., 1981; Yasui et al., 1982; Yoshizumi et al., https://doi.org/10.1016/j.fct.2018.06.001 Received 10 April 2018; Received in revised form 30 May 2018; Accepted 1 June 2018 1980). However, the purity of the gardenia blue used in these studies was not well-defined, the study data are not readily available (not published in the peer-reviewed literature), and most notably, the studies do not satisfy current regulatory standards for marketing products containing gardenia blue in U.S. or European markets. To facilitate worldwide marketing of gardenia blue as a natural food colorant following authorization by the U.S. Food and Drug Administration (FDA), the European Union, and a positive safety opinion from JECFA, a FAO/ WHO Joint Expert Committee on Food Additives, we evaluated both gardenia blue and genipin in a Good Laboratory Practices (GLP)-compliant test battery in accordance with contemporaneous EFSA, OECD, and FDA guidances on genotoxicity and toxicity testing (EFSA, 2011; FDA, 2000a, b, c; OECD, 1997a OECD, , b, c, 2010 OECD, , 2014a OECD, , b, 2016a . Genipin was evaluated because it is a potential impurity in gardenia blue color and can be produced in vivo as a result of intestinal microbial interactions with gardenia blue used in food products. The results of the comprehensive assessment of genotoxicity are reported here, including bacterial reverse mutation assays, in vitro mammalian micronucleus and chromosome aberration assays, and combined micronucleus/comet assays conducted in male and female B6C3F1 mice.
We also investigated the potential of genipin to cause DNA crosslinks in vitro and in vivo. Two approaches were undertaken to evaluate the potential for genipin exposure to induce DNA damage or DNA crosslinking using human TK6 lymphoblastoid cells: 1) a standard alkaline comet assay in which the electrophoresis time was extended to maximize detection of any reduction in the amount of damaged DNA (measured as % tail DNA) following electrophoretic separation, indicative of DNA crosslinking, and 2) a reverse comet assay that relies on the capability of a crosslinking agent to reduce the % tail DNA detected following treatment with a known DNA damaging agent (Fikrova et al., 2013; Jost et al., 2015; McKenna et al., 2003; Pant et al., 2015) . To investigate crosslinking resulting from exposure to genipin in vivo, a reverse comet assay was used to evaluate DNA crosslinking in the liver of mice administered genipin. To extend the genotoxicity assessment of gardenia blue, a reverse comet assay was conducted to evaluate DNA crosslinking in the liver of mice administered gardenia blue or cisplatin, a known crosslinking agent.
Material and methods

Chemical analysis
All standard genotoxicity assays were conducted in accordance with OECD guidelines and were GLP-compliant. Genipin (99.982% pure; CAS No. 6902-77-8; MW = 226.23) was obtained from Glico Nutrition Co., Ltd. (Osaka, Japan); gardenia blue was prepared according to the specifications outlined in the 8th edition of the Japanese Specifications and Standards for Food Additives (http://www.ffcr.or.jp/zaidan/FFCRHOME. nsf/pages/spec.stand.fa; http://www.mhlw.go.jp/seisakunitsuite/bunya/ kenkou_iryou/shokuhin/syokuten/kouteisho8e.html) and provided by San-Ei Gen F.F.I., Inc. (Osaka, Japan). The composition of the gardenia blue preparation was: gardenia blue (24.8%), dextrin (69.4%), water (4.6%), and other components (1.2%); residual genipin was less than 10 ppm. Samples removed from the top, middle, and bottom fractions of each chemical formulation were submitted for analytical testing (OpAns, LLC, Durham, NC and Alera Laboratories, LLC, Durham, NC) to verify concentrations; chemical formulations were determined to be stable over the course of the experiments. For the bacterial mutagenicity test of genipin, the top concentration tested was higher than the upper limit specified by the OECD test guideline to ensure that the guideline was met despite any variation from the nominal dose of 5000 μg/plate as determined by chemical analysis of the dose formulation; in subsequent tests, a concentration within 10% of the guideline recommended maximum was deemed acceptable.
Bacterial reverse mutation assay
Bacterial reverse mutation assays were performed in accordance with the OECD Test Guideline No. 471: Bacterial Reverse Mutation Test (OECD, 1997b) , which is based on published methods (Ames et al., 1975; Gatehouse et al., 1994; Maron and Ames, 1983) . The five strains (Salmonella typhimurium TA97a, TA98, TA100, TA1535 and E. coli WP2 uvrA pKM101) used in the assay were purchased from Moltox, Inc. (Boone, NC), maintained as frozen stocks, and checked for maintenance of genetic markers prior to the study. The mutagenicity assays were performed using the pre-incubation method with (+S9) and without (-S9) metabolic activation provided by phenobarbital/benzoflavoneinduced rat liver S9 (Moltox, Boone, NC) with cofactors (Regensys™ NADPH Regeneration System Reagents, Moltox, Boone, NC). The composition of the S9 mix was: 10% S9, 8 mM MgCl 2 , 32.6 mM KCl, 4.7 mM glucose-6-phosphate, 4 mM NADP and 0.1 M phosphate buffer. Assay tubes were incubated at 37°C for 20 min before plating onto minimal agar. Three plates per concentration were incubated at 37°C for 48 h and then counted using the Sorcerer/Ames Study Manager system (Perceptive Instruments, Suffolk, U.K.). Dimethyl sulfoxide (DMSO) and sterile water were used as the vehicles for genipin and gardenia blue, respectively. Positive control chemicals were included in the assays. Hydrolysis of glycosides extracted from the fruits of Gardenia jasminoides Ellis using β-glucosidase yields genipin. Reaction of genipin with protein hydrolysates (e.g., peptides from soy protein) leads to formation of blue pigment. The resulting crosslinked material is characterized by a broad molecular weight range with a peak of ∼15,000; the commercial product may contain dextrin or lactose. (B) Molecular structure of genipin (MW = 226.23).
In vitro micronucleus assay
In vitro micronucleus assays were conducted using human TP53 competent human lymphoblast TK6 cells (ATCC, Manassas, VA) according to OECD 487 (OECD, 2014a) as described previously . Triplicate cultures of exponentially growing cells seeded at 2-4 x 10 5 cells/mL in 12-well plates were exposed to genipin, gardenia blue or controls for four hours ± S9 and 24 h -S9. Based on dose setting toxicity and initial tests, the maximum concentration of genipin (formulated in DMSO) selected for testing was 75 μg/mL for 4 h with metabolic activation and 10 μg/mL for 24 h in the absence of metabolic activation; gardenia blue (dissolved in sterile water) was evaluated at a maximum concentration of 5000 μg/mL for all test conditions. At the end of the culture period, cells were analyzed for cytotoxicity and micronucleus induction by flow cytometry (Avlasevich et al., 2006; Bryce et al., 2007) using the In Vitro MicroFlow™ kit (Litron Laboratories, Rochester, NY) according to manufacturer's instructions. Unless limited by cytotoxicity, 20,000 cells from each sample were analyzed for the frequency of micronuclei (MN) using a FACSCalibur™ dual-laser bench top system (Becton Dickinson Biosciences, San Jose, CA). Cytotoxicity induced by genipin was measured as relative survival of cells in treated cultures compared to cells from vehicle control cultures using ratios of counted nuclei to counted beads (inert latex microspheres added to each sample); higher nuclei to bead ratios correspond to increased cell survival. For stricter adherence to OECD 487 (OECD, 2014a) during gardenia blue testing, viable cell counts were determined and used to calculate relative increase in cell count (RICC) in treated cultures.
Chromosomal aberration assays
Chromosomal aberration assays using Chinese hamster ovary CHO-WBL cells were conducted as described previously with slight modifications to meet current OECD test guideline 473 (OECD, 1997a (OECD, , 2014b recommendations. Genipin and gardenia blue were formulated in DMSO and water, respectively; formulations were administered at 1% (DMSO) or 5% (water) of the final culture volume. Based on results of preliminary toxicity tests, the top concentrations of genipin selected for testing were 75 μg/mL for 4-h exposures ( ± S9) and 50 μg/mL for continuous exposure (-S9); gardenia blue was tested up to 5000 μg/mL for all exposure conditions to meet the recommendation for non-cytotoxic chemicals. In separate experiments, duplicate cultures of exponentially growing cells seeded approximately 23 h earlier at 0.2 × 10 6 cells/mL in T25 flasks were exposed to various concentrations of genipin, gardenia blue, vehicle or positive control chemical. The final concentration of S9 in the cultures was 2%. Exposure durations were 4 and 20 h -S9 and 4 h +S9. At the end of the 4-h exposure periods, treatment media were replaced with complete medium (-S9); colcemid was added at 0.1 μg/mL 2 h prior to termination of the 20-h culturing period. For each test condition, the frequencies of chromosomal aberrations and mitotic index (percentage of metaphase cells) were determined at the highest 3-4 concentration levels meeting acceptable cytotoxicity criterion. The mitotic index was determined from 1000 cells per replicate culture for the genipin study.
Criteria for a valid negative study included that the highest test article concentration evaluated for clastogenic activity must result in ≥50% reduction of viable cell count or the mitotic index, unless precluded by solubility or the use of the maximal concentration (5 mg/mL). Structural and numerical chromosome damage (e.g., chromatid and chromosome gaps and breaks, double minute, dicentric and ring chromosomes and other complex rearrangements) was determined from scoring 100 or 150 metaphase spreads per replicate culture on coded slides at 1000x magnification for the genipin and gardenia blue studies, respectively. If 20 metaphase cells with structural chromosomal damage (excluding gaps) were detected out of the first 50 cells scored, scoring for that culture was terminated. The number of chromosome aberrations (with and without gaps) per cell, and the number of cells with structural damage (no gaps), were tabulated. To assess numerical abnormalities, the number of polyploidy mitoses, including those with endoreduplicated chromosomes, per 100 or 150 metaphase spreads/ replicate for the genipin and gardenia blue studies, respectively, was determined (polyploidy index, PI).
Animal husbandry
Male and female B6C3F1 mice (Charles River Laboratories International, Inc.) were housed in polycarbonate cages with absorbent hardwood bedding and enrichment (nestlets) in an AAALAC-accredited specific pathogen free facility with a 12-h light/12-h dark cycle and provided Certified Purina Pico Chow No. 5002 (Ralston Purina Co., St. Louis, MO) and water ad libitum. All animals were 8-10 weeks of age at the time of treatment. The combined micronucleus/comet studies were approved by the ILS, Inc. Institutional Animal Care and Use Committee, and procedures completed in compliance with the Animal Welfare Act Regulations, 9 CFR 1-4, and the Guide for the Care and Use of Laboratory Animals (Institute of Laboratory Animal Resources, 2011).
In vivo micronucleus/comet assay experimental design
The in vivo micronucleus and comet studies evaluating genipin in male mice, genipin in female mice, and gardenia blue in male and female mice were separated in time by approximately three years. The studies evaluating genipin were conducted in accordance with the OECD test guideline for the micronucleus assay and recommended procedures for the comet assay current at the time (Burlinson et al., 2007; OECD, 1997c; Tice et al., 2000) . The studies evaluating gardenia blue were conducted according to the most recent revision of OECD test guideline 474 and the newly adopted guideline 489 for the comet assay (OECD, 2016a; . Based on the results of available data, male (6 animals/group) and female (5 animals/group) B6C3F1 mice were administered genipin at 3 (females only), 8, 25, 74, 222 , and 667 (males only) mg/kg bw/day formulated in corn oil. Based on results of dose range finder studies, gardenia blue was administered to both male and female B6C3F1 mice (5 animals/group) at 1000, 1500 or 2000 mg/ kg bw/day formulated in water. The vehicles (corn oil or water), genipin, gardenia blue and the positive control compound, ethyl methanesulfonate (EMS; Sigma-Aldrich, St. Louis, MO) in 0.9% saline (Ricca Chemical Company, Arlington, TX) at 150 or 200 mg/kg bw/day for genipin and gardenia blue studies, respectively, were administered daily for three days by oral gavage. An additional group of male mice administered cisplatin at 5 mg/kg bw by intraperitoneal injection 24 h prior to scheduled termination (Pesarini et al., 2014; Sayed, 2011; Zamorano-Ponce et al., 2004 ) was included as a putative concurrent positive control for crosslinking in the gardenia blue study; however, use of cisplatin-exposed animals as a positive control group in the reverse comet assay has not previously been validated. Three hours after the final dose, peripheral blood was collected for flow cytometric analysis of MN; in the gardenia blue studies, bone marrow was harvested and slides prepared for possible MN frequency assessment. Liver, duodenum and glandular stomach tissues (only liver for genipin evaluated in male mice) were collected and single cell suspensions prepared as described previously ; cell samples were frozen in liquid N 2 , and stored at −80°C until analysis by the comet assay . Additional sections of tissues were fixed in 10% neutral buffered formalin, trimmed, and paraffin embedded. Liver from male mice administered the vehicle control or 74 mg/kg bw/day genipin were sectioned at 5 μm, stained with hematoxylin and eosin, and microscopically evaluated. Due to a failure to detect a statistically positive response to EMS in stomach of male mice in the initial comet assay, a follow-up study was conducted in which male mice were administered the vehicle, gardenia blue at the limit dose (2000 mg/kg bw/day) and EMS at 200 mg/kg bw/day.
Erythrocyte micronucleus assay
Processing of peripheral blood samples and flow cytometric analysis of micronucleated reticulocytes (MN-RET) was as described previously (Witt et al., 2008) . Cells were fixed and labeled using MicroFlow PLUS Kits (Litron Laboratories, Rochester, NY) according to manufacturer's directions and analyzed using a FACSCalibur flow cytometer (Becton Dickinson, Sunnyvale, CA). For each peripheral blood sample, 20,000 RET were analyzed to determine the frequency of MN-RET. During analysis of MN-RET, more than 10 6 mature normochromatic erythrocytes were concurrently enumerated; the percentage of RET (% RET) among total erythrocytes was calculated as a measure of bone marrow toxicity. For each animal in the gardenia blue studies, bone marrow was flushed from one femur using heat-inactivated fetal bovine serum (FBS). The bone marrow suspension was centrifuged for 10 min at 300 × g and the pellet resuspended in 40 μL of FBS by gentle pipetting. For each sample, 5 μL of cell suspension were transferred onto a slide and smeared with the edge of another clean slide. Slides were air dried at room temperature, fixed in 90% methanol for 20 min in a −20°C freezer, and stored at room temperature. To better interpret the results of the peripheral blood micronucleus assay in female mice, coded bone marrow slides from female mice were scored for MN by individuals without knowledge of their identity. Slides were stained with acridine orange for 5-10 min, rinsed in PBS for 5-15 min and stored at room temperature. The relative proportion of immature RET and mature NCE was determined for each animal by counting 500 erythrocytes (RET plus NCE) by each of two scorers (1000 total); likewise, 2000 RET were scored by each scorer (4000 total) to determine the incidence of MN-RET.
Comet assay
Slides were prepared as described previously and stored at room temperature in a desiccator until stained and scored. After staining slides with SYBR Gold™ (Molecular Probes, Invitrogen, Carlsbad, CA), 100 or 150 cells were scored per sample for genipin and gardenia blue studies, respectively, at 200x total magnification without scorer knowledge of sample identity using Comet Assay IV Imaging Software, Version 4.3.1 (Perceptive Instruments, Ltd., Suffolk, UK). The extent of DNA migration was characterized using the % tail DNA endpoint measurement (intensity of all tail pixels divided by the total intensity of all pixels in the comet, expressed as a percentage). According to the test guideline recommendation, the median of the scored comets for each animal was used to calculate the dose group means (the mean of the scored comets was originally used to evaluate the genipin data-see Supplemental Data Table S1 ).
2.9. Comet and reverse comet assay evaluation of DNA crosslinking TK6 cells were plated at 2.0 × 10 5 cells/mL in a final culture volume of 3 mL in 12-well plates. Triplicate wells of cells were exposed to various concentrations of genipin, cisplatin, or EMS for 4 and 24 h at 37°C in a humidified atmosphere with 6% CO 2 . For the conventional assay, exposed cells were centrifuged and the pellet resuspended in 3 mL of PBS (phosphate buffered saline, pH 7.4). For the reverse comet assay, exposed cells were centrifuged, washed with PBS, resuspended in TK6 medium and replated in 12-well dishes; styrene oxide was added to all cultures, with the exception of one set of vehicle controls, at a final concentration of 800 μM and cells were returned to the incubator for 1 h. Cells were then centrifuged and resuspended in 3 mL of PBS. For both assays, the resuspended cells were divided into two tubes-2 mL for cytotoxicity assessment and 1 mL for the comet assay-and the tubes centrifuged. The pellet derived from 2 mL of cells was resuspended in 0.3 mL of TK6 medium; the pellet derived from 1 mL of cells was resuspended in 1 mL of mincing solution. The cells in mincing solution were flash frozen and stored in a −80°C freezer until use. After resuspension, 100 μL of cells in TK6 Medium were added to wells of a 96-well clear bottom white-walled dish, in duplicate, for cytotoxicity assessment using the CellTiter-Fluor™ Cell Viability Assay kit (Promega, Madison, WI) according to the manufacturer's instructions. Following incubation of the cells with the substrate for 90 min at 37°C, fluorescence was measured using a Spectromax spectrophotometer (excitation: 400 nm/emission: 505 nm). Viability of the treated cells was normalized against the vehicle control cells. Cell samples in mincing solution were thawed on ice and kept cold during processing. Slides were prepared and scored as described previously with the exception that electrophoresis was performed for 60 min to optimize for detection of DNA crosslinks. For evaluation of potential DNA crosslinking induced by genipin, gardenia blue or cisplatin exposure in vivo, slides were prepared as described previously through the lysing step using frozen liver from female mice in the vehicle and top (222 mg/kg bw/ day) genipin groups and frozen liver from male mice in the vehicle, top (2000 mg/kg bw/day) gardenia blue and cisplatin groups. Following lysis, slides were washed briefly in cold water, transferred to glass coplin jars containing water or one of three concentrations of styrene oxide pre-equilibrated to approximately 4°C, and incubated in a refrigerator for 1 h. After incubation with or without styrene oxide, the slides were rinsed in cold water and processed for the comet assay as before. In a preliminary assessment, 25 cells were scored for each styrene oxide concentration for two of the animals in the vehicle control group to determine which concentration produced the maximum overall level of DNA damage while still being readily scorable; 2.4 mM and 3.6 mM styrene oxide were selected as the concentrations producing the optimal DNA damage response for the genipin and gardenia blue experiments, respectively. Only slides exposed to these concentrations of styrene oxide and slides not exposed to styrene oxide were scored as described above. Since the frozen cells were no longer viable, "hedgehogs" (a cell morphology indicative of extensive DNA damage, sometimes associated with cytotoxicity) could not be generated as a consequence of apoptosis/necrosis resulting from styrene oxide treatment. Therefore, to ensure that any styrene oxide-induced DNA damage was not missed, hedgehogs that could be scored by the imaging software were included in the scoring of comets.
Data analyses
Statistical analysis of the data was performed using the Statistical Analysis System version 9.2 (SAS Institute, Cary, NC). For in vitro and in vivo micronucleus and comet assays, homogeneity and normality of the vehicle control data were assessed using Levene's test and the ShapiroWilk test, respectively. Data that were not homogeneous and normally distributed were transformed and re-assessed. Homogeneous, normally distributed data were analyzed using one way analysis of variance (ANOVA) and treatment groups compared to the appropriate control group using Dunnett's multiple comparison test. Dose-dependent changes were evaluated using linear regression. Data sets that could not be transformed to be homogeneous were analyzed using a non-parametric Kruskal-Wallis test and if significant, pair-wise comparisons were performed using a Dunn's test and/or a Mann-Whitney test; dose dependent changes were evaluated using a Jonckheere Terpstra trend test. A one-tailed t-test was used to compare the dose groups exposed in vivo to genipin or gardenia blue with concurrent vehicle control groups evaluated in the reverse comet assay. For chromosomal aberration assays, mitotic indexes were analyzed for a decrease over vehicle controls using a one-tailed pairwise Student's t-test and for linear trend with linear regression analysis. Percent structurally damaged cells (without gaps) and polyploidy indexes were analyzed for an increase over vehicle controls using a one-tailed pairwise Fisher's Exact test and for linear trend using a one-tailed Cochran-Armitage test. For each mammalian cell assay, a one-tailed t-test was used to verify a positive response to the positive control compound (p < 0.05).
C.A. Hobbs et al. Food and Chemical Toxicology 118 (2018) 695-708 For the bacterial mutation assays, a reproducible or dose-dependent 2-fold or greater increase in the number of revertant colonies relative to the vehicle control was considered to be a positive response. Criteria for a positive result in the in vitro and in vivo micronucleus assays and in vivo comet assays were at least one statistically significant dose group (p < 0.05), a dose group falling outside the range of laboratory historical control data, and a statistically significant trend test (p < 0.05). A test was considered equivocal if only one or two of these conditions were met (OECD, 2014a (OECD, , 2016a . In the case of chromosomal aberrations, a statistically significant increase for two or more concentrations in the absence of a significant trend test was considered a positive result (OECD, 2014b) . The reverse comet assay was considered positive for chemical-induced DNA crosslinking if chemical exposure led to a statistically significant decrease in % tail DNA compared to the concurrent vehicle control group. An experiment was considered negative if a statistically positive response was not detected.
Results
Bacterial reverse mutation assays
Genipin was tested up to a maximum of 6000 μg/plate. Genipin was cytotoxic at doses of 2000 μg/plate and above in all S. typhimurium strains and at 5000 μg/plate in E. coli WP2 in the absence of metabolic activation. Genipin was not mutagenic in S. typhimurium TA98, TA100, TA1535 or E. coli WP2 uvrA pKM101 with or without metabolic activation or in S. typhimurium TA97a with metabolic activation (Table 1) . A dose response without a corresponding doubling of revertants was observed in S. typhimurium TA97a in the absence of metabolic activation; therefore, this response was considered equivocal. Gardenia blue was not cytotoxic or mutagenic at concentrations tested up to 5000 μg/ plate in any strain used, either with or without metabolic activation (Table 2) .
For both studies, the positive control chemicals induced positive responses in all strains, with or without metabolic activation, and the mean number of revertant colonies in the controls were within the reference ranges of the laboratory historical data. Similar results were obtained in preliminary dose finder studies (data not shown), demonstrating the reproducibility of the responses and reinforcing the equivocal test outcome for genipin.
In vitro micronucleus assays
MN frequency and cell viability data for TK6 cells exposed to genipin are summarized in Table 3 . Following 4 h of exposure to genipin in the presence of metabolic activation, concentrations ≥25 μg/mL were excessively cytotoxic and could not be scored. Relative survival at the top two scorable concentrations of 5 and 10 μg/mL was 66.6% and 33.4%, respectively. There was a statistically significant induction of MN in these treatment groups, and a positive trend test. The positive result for the 10 μg/mL group, which fell outside of laboratory historical negative control data, may be confounded by cytotoxicity; the positive result for the 5 μg/mL group was within historical data. Thus, the response for the +S9 condition was equivocal. A steep dose response for cytotoxicity was observed for cells exposed to genipin at concentrations between 5 and 10 μg/mL for 24 h -S9 in an initial test (data not shown); therefore, a follow-up test was performed to better define the response between 4 and 10 μg/mL (Table 3 ). All concentrations were scorable and the 44.5% relative survival at the top concentration was within the appropriate cytotoxicity range. Statistically significant induction of MN was observed at the top three concentration levels with a corresponding dose-related response. The responses elicited at the top two concentrations were outside of laboratory historical data. Thus, these results met the criteria for a positive test.
Micronucleus assay results for TK6 cells exposed to gardenia blue are summarized in Table 4 . Following exposure to gardenia blue, cytotoxicity fell within acceptable cytotoxicity criteria (< 60%) at all tested concentrations and metabolic conditions. Micronucleus frequencies at all concentrations were not statistically elevated over the vehicle control and there was no indication of a dose response. Thus, gardenia blue tested negative in this assay. Under the various test conditions for both genipin and gardenia blue, exposure to cyclophosphamide, used as a positive control chemical requiring metabolic activation, and vinblastine, a positive control for a direct-acting response, resulted in statistical increases in micronuclei as compared to concurrent vehicle controls.
In vitro chromosomal aberration assay
Results of studies to assess the potential for genipin and gardenia blue to cause chromosomal aberrations in CHO-WBL cells are summarized in Tables 5 and 6 . The percentage of vehicle control cells with structural chromosomal aberrations (excluding gaps) and numerical chromosomal damage observed as polyploidy did not exceed 5%, meeting requirements for a valid test. The positive control chemicals, mitomycin C and cyclophosphamide, induced statistically significant increases in the percentage of metaphase cells with at least one chromosomal aberration (excluding gaps) under all exposure conditions.
Genipin was cytotoxic to CHO-WBL cells; the mitotic index was essentially 0 in cells exposed to genipin at 75 μg/mL for 4 h ± S9, and < 1% in cells exposed to genipin at 50 μg/mL for 20 h -S9. The 75 μg/mL groups were not evaluated for chromosomal damage due to excessive toxicity. Statistically significant increases in chromosome aberrations were observed at one or more concentrations, including non-cytotoxic concentrations, in a dose-dependent manner under all treatment conditions. Positive groups fell substantially outside of laboratory historical data for the assay. Thus, results met all criteria for a positive test. Significant increases in polyploidy were also observed at one or more concentrations under all treatment conditions, although statistically positive dose responses were measured only after 4-h treatments ± S9.
Exposure to gardenia blue for approximately 4 h +S9 and 20 h -S9 resulted in a significant reduction in mitotic index without interfering with scoring. Gardenia blue did not induce chromosomal damage following exposure for 4 h ± S9. Exposure for 20 h -S9 led to a slight dose-related increase in % damaged cells without a statistically significant increase at any tested concentration. Since all responses fell within the laboratory's historical vehicle control range, the slight trend is considered to be biologically insignificant. Polyploidy was not significantly increased at any tested concentration. The overall response is considered to be negative under the conditions tested.
3.4. In vivo micronucleus/comet assays 3.4.1. Genipin
There were no statistical effects on body weight of male mice administered genipin evaluated up to 74 mg/kg bw/day (data not shown). Mortality or moribundity was observed in male mice administered genipin at 74 (2/6), 222 (4/6) or 667 (6/6) mg/kg bw/day. Of the four surviving mice in the 74 mg/kg bw/day group, two were normal throughout the study, stained bedding was observed in the cage of a third otherwise normal animal, and the fourth animal was observed with decreased body weight, piloerection, hunched posture, and lethargy with decreased movement on the final day of the study. Histopathologic evaluation of the liver of this mouse revealed karyomegaly and hepatocellular atrophy. Karyomegaly can be a normal finding in mice (Thoolen et al., 2010) , while hepatocellular atrophy may be associated with the decreased body weight and abnormal clinical signs observed for this animal.
Results of the micronucleus assays of genipin are summarized in Table 7 . A statistically significant increase in the frequency of MN-RET C.A. Hobbs et al. Food and Chemical Toxicology 118 (2018) 695-708 Table 1 Bacterial reverse mutation assay results of genipin with and without metabolic activation. or a dose response was not observed for male mice administered genipin. However, an exceptionally elevated MN-RET frequency (twice that of the EMS group) was measured in one animal in the 74 mg/kg bw/day dose group that caused the group mean to fall outside of laboratory historical data; the mean MN-RET value excluding this animal from the Table 2 Bacterial reverse mutation assay results of gardenia blue with and without metabolic activation. Food and Chemical Toxicology 118 (2018) [695] [696] [697] [698] [699] [700] [701] [702] [703] [704] [705] [706] [707] [708] analysis was comparable to those for the other dose groups. Although there was no decrease in % RET, an indicator of suppressed hematopoiesis, it seems likely that the unusually high MN-RET frequency measured in that animal was related to the excessive toxicity it experienced, as indicated by the overt adverse clinical symptoms and hepatocellular atrophy described above. All other surviving animals in this dose group, and animals in the lower dose groups, appeared normal throughout the course of the study and did not exhibit an induction of MN. The death of two animals in the 74 mg/kg bw/day dose group prior to scheduled termination reduced the total number of analyzed animals below the minimum of five recommended in the regulatory guidelines for both the micronucleus and comet assays. A repeat assay in male mice would necessitate starting at a dose lower than 74 mg/kg bw/day as this concentration was demonstrated to be too toxic. The two lower dose groups (25 and 8 mg/kg bw/day) did not show any evidence of micronuclei induction. Thus, it would be expected that results of a second study in male mice testing genipin starting at the next lower dose of 25 mg/kg bw/day would be negative. Therefore, a follow-up micronucleus/comet assay was conducted in female mice, including evaluation of DNA damage in tissues of the gastrointestinal tract. Female mice administered 222 mg/kg bw/day genipin lost a little weight; all of the animals in this group were hunched and two exhibited decreased movement and piloerection on the final day of the study. At necropsy, the stomachs of this group of animals were observed to be distended and blue in color; the livers of two of these mice were dark in color and one was mottled.
There was a weak but statistically positive dose response in MN-RET, without any positive dose groups, following administration of genipin to female mice. This positive trend appears to be largely driven by the response in the 222 mg/kg bw/day group of animals that exhibited overt signs of toxicity as described above. No decrease in the % RET was measured, indicating a lack of suppression of bone marrow hematopoiesis up to the maximum tolerated dose. The MN-RET values for the 74 and 222 mg/kg bw/day groups fell slightly outside the confidence interval of laboratory historical negative control data. Although these minimal effects may be biologically insignificant, given the lack of a clear cut negative response for either male or female mice, our overall interpretation is that these micronucleus test results are equivocal.
Results of the comet assays of genipin are summarized in Table 7  and Supplemental Data Table S1 . Under the conditions of the comet assays conducted in male and female mice, there was no increase in DNA damage measured in liver of male mice, or duodenum or stomach tissue of female mice, administered genipin at any of the tested doses. There was a statistically positive increase in DNA damage measured in the liver of female mice administered the lowest analyzed dose (25 mg/ kg bw/day), but not any of the higher doses; all % tail DNA values fell within the range of historical vehicle control data. Administration of EMS as a concurrent positive control elicited induction of MN-RET and DNA damage in all evaluated tissues in all studies of genipin. Given the lack of positive results at higher doses, the lack of a dose response, the fact that all % tail DNA group means fell within the range of laboratory historical data, and that there was no evidence of a DNA damage response in male mice, we do not consider the equivocal result in female mice to be biologically significant.
Gardenia blue
No exposure-related clinical signs were noted during the initial gardenia blue studies or a follow-up limit dose study (described below), and there were no abnormal gross organ observations during necropsy. No effects were observed on the body weight of male mice. Female mice administered 1500 mg/kg bw/day gardenia blue lost slightly less body weight than control mice; no effects of exposure on body weight were observed in a follow up limit dose study (data not shown).
Results of the combined micronucleus/comet assays of gardenia blue are summarized in Table 8 . The MN-RET frequency in male mice administered gardenia blue was not significantly different from concurrent vehicle controls. Female mice administered gardenia blue exhibited a statistically positive dose response in MN-RET accompanied by a statistically significant increase in MN-RET at the 2000 mg/kg bw/ Hobbs et al. Food and Chemical Toxicology 118 (2018) 695-708 day dose level; the MN-RET frequencies for 3 of the 5 animals in the statistically positive dose group fell slightly outside of laboratory historical data. To better interpret the equivocal results of the peripheral blood micronucleus assay in female mice, smears prepared from bone marrow harvested from the same female mice were evaluated for MN-RET frequency. There was no evidence of induction of MN-RET measured in the bone marrow. Since the status of erythrocytes in peripheral blood is a gauge of the condition of erythrocytes in the bone marrow, the clearly negative result in the bone marrow effectively negates the equivocal result obtained using peripheral blood. Mice administered EMS, the positive control, exhibited a statistically significant increase in MN-RET frequency in both peripheral blood and bone marrow, demonstrating the ability to detect a positive response in these assays. Therefore, the micronucleus assay was considered to be negative in both male and female mice. In the comet assay, administration of gardenia blue did not induce DNA damage in duodenum, but resulted in statistically positive trend tests in the liver of male mice and stomach of female mice, even though the top dose group in each case actually had the lowest % tail DNA value of all the gardenia blue dose groups. Although several of the dose groups fell outside of laboratory negative control historical data, there were no statistically positive dose groups. Administration of EMS, the positive control, resulted in a statistically significant increase in % tail DNA in all tissues analyzed, with the exception of the stomach in male mice. The lack of a statistical increase was likely due to the unusually high DNA damage measured in the male vehicle control mice (higher than laboratory historical data; Supplemental Data Table S2 ). Therefore, a follow-up experiment was conducted to specifically evaluate DNA damage in the stomach of male mice following exposure to the limit dose (2000 mg/kg bw/day) of gardenia blue (Table 8) . In this experiment, the levels of DNA damage in mice administered gardenia blue and EMS were comparable to those measured in the initial experiment (Supplemental Data Table S2) ; however, the level of DNA damage measured in vehicle control mice was lower (within the Food and Chemical Toxicology 118 (2018) 695-708 laboratory historical range) and EMS elicited a statistically positive response. Similar to the initial experiment, there was no induction of DNA damage in the stomach following exposure to gardenia blue. Considering the test in the other gender as a follow up study to an equivocal result, our overall conclusion is that gardenia blue tested negative in the comet assay since the trends were not consistent between the sexes and there was no indication of DNA damage in the liver of female mice or the stomach of male mice administered gardenia blue.
3.5. Comet and reverse comet assay for the evaluation of DNA crosslinking
For the conventional comet assay, TK6 cells were exposed to genipin, cisplatin (a known DNA crosslinking agent), or EMS at various concentrations for 4 or 24 h. Viability was assessed at the time of cell harvest. The electrophoresis time was extended to maximize detection of any reduction in measured DNA damage, indicative of DNA crosslinking. Under these conditions, there appeared to be a dose-dependent decrease in % tail DNA resulting from exposure to the known crosslinking agent, cisplatin, without associated cytotoxicity; however, only the cells exposed to the highest concentration (1600 μM) exhibited a statistically significant decrease in % tail DNA and there was no statistical evidence of a dose response ( Fig. 2A) . This result underscores the lack of sensitivity of the conventional comet assay for detecting DNA crosslinking. No decrease in % tail DNA was observed following exposure of TK6 cells to genipin for 4 h (Fig. 2C) . During scoring of the slides, it was noted that some slides contained cells with extensive DNA damage that was too faint to be detected by the imaging software under the normal scoring conditions; following decoding, these slides were determined to correspond to the top two (667 and 2000 μM) genipin concentrations. Imaging these slides under the microscope without any filter clearly revealed extensive damage (see Fig. S1 in Supplemental Data). The DNA damage observed in cells exposed to 667 and 2000 μM genipin may be related, at least in part, to the cytotoxicity observed at these concentrations (viability corresponding to 73% and 13% of vehicle control cells, respectively). Together, these results do not provide any evidence of DNA crosslinking resulting from exposure to up to 2000 μM genipin for 4 h. Induction of DNA damage by the positive control chemical, EMS, was evident; however, the result was not statistically positive, probably due to the relative lack of response in one of the biological replicates.
No decrease in % tail DNA was observed following exposure of TK6 cells to genipin for 24 h (Fig. 2E) . Similar to the 4-h experiment, the top two (200 and 400 μM) concentrations of genipin produced DNA damage that was not measured under the normal scoring conditions (Fig. S2 in Supplemental Data) . Although analysis of the genipin dose groups using Dunn's test did not indicate a statistical increase in % tail DNA induced at 400 μM, a follow-up ad hoc pairwise Mann-Whitney test did indicate a statistically positive (p = 0.0404) response for DNA damage at 400 μM as compared to the vehicle control cells. The DNA damage observed following 24 h of exposure to 400, and possibly 200, μM genipin is likely related, at least in part, to the excessive cytotoxicity measured at these concentrations (viability corresponding to 5% and 23% of vehicle control, respectively). There was no evidence of DNA damage or crosslinking induced by genipin at minimally cytotoxic doses.
The reverse comet assay was performed in similar fashion to the conventional comet assay with extended electrophoresis described above except that TK6 cells exposed to genipin or cisplatin were subsequently exposed to styrene oxide or vehicle control for 1 h. In TK6 cells treated with cisplatin for 4 h prior to induction of DNA damage by styrene oxide, there was a dose-dependent (p = 0.0065) decrease in % tail DNA relative to the control cells treated only with styrene oxide (Fig. 2B) . Indication of DNA crosslinking was observed at concentrations ranging as low as 25 μM. For cells exposed to genipin for 4 h, no dose-dependent reduction in % tail DNA was observed (p = 0.2562); statistically significant decreases compared to the styrene oxide control cells measured at 667 and 2000 μM (Fig. 2D) were determined to have resulted from a scoring artefact. As compared to styrene oxide treatment alone, more cells with extensive DNA damage were visibly evident following pre-exposure to 2000 μM, and to a lesser extent, 667 μM genipin (See Supplemental Fig. S3) , consistent with the results of the conventional comet assay. However, under the scoring criteria used (i.e., exclusion of hedgehogs and cells with ≥90% tail DNA), the % tail DNA values underrepresent the extent of DNA damage induced at these two concentrations. For cells exposed to genipin for 24 h, no statistically significant decreases compared to the styrene oxide control cells were measured (Fig. 2F ) and the trend test was negative. These results indicate that a 24-h exposure to genipin did not induce DNA crosslinking in TK6 cells.
The results of a reverse comet assay assessment of crosslinking in the liver of female mice exposed to genipin are summarized in Fig. 3A . Exposure of vehicle control group slides to 2400 μM styrene oxide prior to electrophoresis resulted in a 2.3-fold increase over baseline DNA damage as measured by the % tail DNA endpoint. Similar styrene oxide treatment of slides prepared from liver of animals exposed to 222 mg/ kg bw/day genipin resulted in a 1.6-fold increase over baseline damage. There was less DNA damage measured in the genipin dose group following styrene oxide treatment as compared to the vehicle control group; however, the difference between the two groups was not statistically different. Although a direct comparison cannot be made due to different methodology used between the original comet assay and the reverse comet assay (e.g., scoring of "hedgehogs", 1 h incubation following cell lysis), not surprisingly, the baseline level of DNA damage appears to have increased substantially over the prolonged (> 2 years) period of freezer storage. Nevertheless, the inter-animal variability within treatment groups was not excessive and the baseline level of damage in the vehicle control and genipin groups remained similar. These results indicate that, under the test conditions used, genipin exposure does not appreciably lead to DNA crosslinking in the liver of B6C3F1 mice.
The results of the reverse comet assay assessment of crosslinking induced by gardenia blue in the liver of male mice are summarized in Fig. 3B . Exposure of slides prepared from liver tissue of male mice to 3.6 mM styrene oxide prior to electrophoresis resulted in an induction of DNA damage over baseline damage for both vehicle control and gardenia blue (2000 mg/kg bw/day) dose groups. There was no indication of in vivo crosslinking as evidenced by the lack of reduction in DNA damage measured in the gardenia blue dose group following styrene oxide treatment as compared to the concurrent vehicle control group. Baseline damage in the cisplatin group was higher than that measured in the vehicle control group, consistent with previous reports (Uno et al., 2015) . Although the absolute level of DNA damage in the cisplatin group following styrene oxide treatment was similar to that measured for the vehicle and gardenia blue groups, a much smaller induction of DNA damage was measured relative to that observed for these other groups that might possibly reflect crosslinked DNA.
Discussion
Consumer demand for healthier food products is on the rise, including the replacement of artificial food colors with natural color derived from fruits and botanicals. In preparation for the worldwide marketing of gardenia blue as a natural food colorant, gardenia blue and its natural precursor, genipin, were evaluated in a comprehensive battery of GLP-compliant genetic toxicity tests (results summarized in Table 9 ). The results of our in vitro testing clearly demonstrated the genotoxic potential of genipin and a lack of genotoxicity associated with gardenia blue. The positive result for genipin tested in the in vitro micronucleus assay differs from a negative result using CHO cells reported previously (Tsai et al., 2000) . However, our positive results are consistent with a previous report of genipin-induced DNA damaging activity in a B. subtilis Rec assay, and sister-chromatid exchange and tetraploid formation in V79 cells (Ozaki et al., 2002) . Our negative results for gardenia blue are consistent with results of genotoxicity testing performed in Japan, often to much higher concentrations than currently recommended by OECD test guidelines (Hachiya and Takizawa, 1992; Hachiya et al., 1985; Ishidate et al., 1981; Yasui et al., 1982; Yoshizumi et al., 1980) .
Interpretation of results from the in vivo studies of genipin and gardenia blue is less straightforward than for the in vitro studies. OECD test guidelines for the micronucleus and comet assays outline criteria for determination of a negative or positive response, based on statistical analyses (exposure groups compared to vehicle control; dose response), comparison to historical data, and relevant tissue exposure. Results that partially meet criteria for a positive response can be difficult to interpret with confidence. The micronucleus assay of genipin in female mice yielded a statistically equivocal result by virtue of a positive trend test driven by the response in the high dose group of animals that exhibited adverse clinical signs; the complexity of the result was compounded by some MN-RET values falling slightly outside the confidence limits of historical control data. Similarly, in male mice, an exceptionally elevated MN-RET frequency in a single animal that exhibited overt signs of toxicity caused the group mean to fall outside of laboratory historical data. It is quite possible that these marginal responses are linked to toxicity and/or not biologically significant; however, a conservative approach leads to the interpretation that the outcome of the micronucleus tests is equivocal due to the lack of a clear cut negative response in either male or female mice. We conclude the results of the comet assays in these same mice as negative. Overall, no reproducible genotoxic effects occurred in the micronucleus and comet assays at genipin doses reaching toxicity; this suggests that mice detoxify genipin in a way that is not suitably mimicked in cultured cells. For the reasons outlined previously, we also conclude the results of our in vivo micronucleus and comet assays of gardenia blue to be negative.
A requisite for establishing a negative response in an in vivo genotoxicity assay is demonstration of exposure of the evaluated tissue(s) to the test chemical. Genipin is the aglycone cleavage product of the sugar molecule, geniposide. This biotransformation reaction is known to be mediated by β-D-glucosidases in intestinal flora, after which genipin is absorbed into the circulation and transported to the liver (Akao et al., , the 0 and 667 μM (C) and 0 and 200 μM (E) genipin slides were reanalyzed without a microscope filter (stippled columns); the 2000 μM (C) and 400 μM (E) genipin slides were not analyzable without the filter. Cell viability at each concentration relative to vehicle controls was assessed using a CellTiter-Fluor™ assay (lines and circles). *Significant decrease compared to vehicle (A, C, E) or styrene oxide (B, D, F) control at p < 0.05. #Significant decrease compared to styrene oxide control at p < 0.05, probably resulting from a scoring artefact (see text).
1994; Meng et al., 2013) . Since genipin was directly tested in the in vivo comet assay, circumventing the cleavage reaction, in principle it should be readily absorbed in the stomach and duodenum and directly passed to the liver. Gross observations revealed the stomach and duodenum to be blue in high dose group animals, indicative of genipin contact with protein hydrolysates and/or amino acids; liver tissue was discolored and mottled. Gardenia blue was administered by an oral route consistent with human consumption up to the limit dose required by regulatory guidelines, and tissues expected to be the first site of contact were evaluated for DNA damage. It has been reported that gardenia blue color is very stable at the pH of the gastrointestinal tract and is resistant to degradation by digestive enzymes and bacterial flora as assessed by in vitro absorption, in situ absorption in rats, and histopathology following 5 months of exposure in mice (Touyama et al., 1994) ; it was speculated that its large molecular weight (∼15600 ± 400) precludes gastrointestinal absorption.
Although the comet assay can detect certain types of DNA damage very well, it is not reliable for the detection of damage by agents known to induce crosslinking (Uno et al., 2015) . This raises a potential concern regarding the suitability of the assay to detect DNA damage induced by genipin. To better interpret the negative results in the in vivo comet assays of genipin, we investigated the ability of genipin to induce DNA crosslinking in vitro and in vivo. Since the comet assay using TK6 cells has not been demonstrated to provide a sufficient level of detection of chemicals requiring metabolic activation for DNA damaging activity, and genipin should not require metabolic activation, our experiments were only conducted in the absence of metabolic activation (-S9). Cytotoxicity is considered to be a confounding factor in the determination of genotoxicity using the comet assay. Since genipin exposure stains cells blue, the trypan blue dye exclusion assay commonly used for assessing viability of cultured cells is not suitable for evaluating cells exposed to this chemical. Moreover, it has been reported that relative cell viability determined by trypan blue exclusion just after treatment of TK6 cells provides a less sensitive measure of cytotoxicity as compared to parameters based on cell growth (e.g., relative population doubling, relative increase in cell count) (Kimura et al., 2013) . However, for short (e.g., 4 h) assays, measurements based on cell growth are not practical. Therefore, in our experiments, cytotoxicity was assessed using a cell viability assay that measures a protease activity within intact live cells. We used a reverse comet assay in TK6 cells, measuring the ability of test chemical exposure to mitigate DNA damage generated by subsequent treatment with styrene oxide (Jost et al., 2015) . As seen previously in human lymphocytes and HeLa cells (Fikrova et al., 2013) , cisplatin produced a dose-dependent decrease in DNA damage indicative of DNA cross-linking, whereas there was no effect of genipin in the reverse Fig. 3 . Assessment of DNA Crosslinking in Liver of B6C3F1 Mice Using a Reverse Comet Assay. The amount of DNA damage in frozen liver cells of (A) female mice administered genipin and (B) male mice administered gardenia blue or cisplatin following in situ exposure to styrene oxide (SO) for 1 h at 4°C was compared to that in the similarly treated vehicle control groups (stippled bars). The solid bars reflect the baseline level of DNA damage measured on parallel sets of slides not treated with styrene oxide. *One animal exhibited an extremely high number of hedgehogs, unlike the other animals in the group; % tail DNA = 19.0 ± 3.9 and p = 0.0258 when the data point for this animal is excluded. Food and Chemical Toxicology 118 (2018) 695-708 comet assay. Similarly, there was no statistical evidence of DNA crosslinking in frozen liver samples from mice exposed to genipin evaluated by this method. This suggests that the negative result in the standard comet assay reflects a true negative response, rather than a confounding effect of genipin-induced crosslinking. A satellite group of mice exposed to cisplatin was included in the in vivo comet assay of gardenia blue. The cisplatin dose level was selected following a review of the literature (Pesarini et al., 2014; Sayed, 2011; Zamorano-Ponce et al., 2004) . However, no publications were identified to provide guidance for defining a dosing regimen suitable for employing cisplatin as a positive control for detection of DNA crosslinking in mouse liver in an in vivo comet assay. Under the conditions used in the reverse comet assay, baseline damage in the cisplatin group was higher than that measured in the vehicle control group, consistent with previous reports demonstrating that the comet assay can, but perhaps not routinely, detect damage induced by crosslinking agents that produce a spectrum of DNA adducts (Uno et al., 2015) . Moreover, the much smaller induction of DNA damage by styrene oxide treatment observed in the cisplatin group as compared to the other groups might possibly signify crosslinked DNA. In contrast, there was no suggestion of crosslinking in the liver tissue examined from mice exposed to gardenia blue. A 90-day toxicity study with an in utero exposure component was recently conducted in Sprague Dawley rats in preparation for an in utero 12-month chronic toxicity study of gardenia blue (Maronpot et al., in preparation) . In that study testing up to 5% gardenia blue colorant in the diet, there were no clinical signs of toxicity, notable alterations of clinical chemistry or histopathology endpoints, or adverse reproductive, developmental, or neurobehavioral effects. The results of the comprehensive testing described here round out the initial GLPcompliant safety assessment of gardenia blue as a food colorant and indicate that consumption of gardenia blue in food products does not pose a genotoxic concern for humans.
